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ABSTRACT
We investigate the tidally-induced conversion of barred late-type spirals to
Magellanic-type discs with numerical simulations, to establish how the lifetime of
lopsidedness (asymmetry) varies with numerical parametrizations. Using a reference
model based on observed properties of the Large Magellanic Cloud (LMC), we show
that its off-centre bar, one-arm spiral and one-sided star formation can be induced
by a brief tidal interaction. We thereafter perform a detailed parameter study, and
find that at the dynamical mass of LMC-type discs (∼1010 M⊙), stellar lopsidedness
(as quantified by the m=1 Fourier mode) and bar off-centredness can vary widely in
amplitude, but are generally short-lived (∼Gyr). Tidal interactions induce more per-
sistent lopsidedness in lower mass galaxies (several Gyr), in particular those with large
halo-to-disc mass ratios as implied by recent halo occupation models. We suggest that
the tidal interactions play a larger role in the observed ubiquity of lopsidedness than
the presently favoured gas accretion mechanism for lower mass galaxies. Other charac-
teristics of Magellanic-type galaxies, such as one-sided star formation, are quantified
and tend to arise more prominently in discs with later-type spiral structure (more halo
dominated inner disc, weaker bars) following retrograde orbital encounters.
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1 INTRODUCTION
The majority of spiral galaxies show substantial asymme-
try (lopsidedness) in their stellar/gas morphology and kine-
matics (Richter & Sancisi 1994; Matthews, van Driel & Gal-
lagher 1998). Those with an underlying barred late-type spi-
ral structure (i.e. SBc-d) fall under the Magellanic classifi-
cation of galaxies (de Vacouleurs & Freeman 1972; Wilcots
et al. 1996), as exemplified by the Large Magellanic Cloud
(LMC). These include the one-armed NGC 4027 (Phookum
et al. 1998) and NGC 4618, which possesses an off-centre
bar with an extensive HI loop (Bush & Wilcots 2004). The
degree of lopsidedness is in many cases greater than that
which can be explained by secular processes (Bournaud et al.
2005b; B05); the correlation in lopsidedness and star forma-
tion rate (SFR; Rudnick et al. 2000) would imply a mutual
triggering event.
Tidal interactions/mergers have been long posited as
the primary trigger of lopsidedness (Odewahn 1994; Zarit-
sky & Rix 1997). This is consistent with recent surveys
which suggest earlier-type spirals are generally more lop-
sided, partly attributable to such events in fact converting
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spirals to earlier types by means of bulge growth induced
by tidal torquing (Elmegreen et al. 1990; Mihos & Hern-
quist 1994). This argument may be valid in group environ-
ments (Angiras et al. 2006), where interactions occur fre-
quently (∼0.3 Gyr−1; Jog & Combes 2009; and references
therein). In contrast, many field/isolated disc with lopsided
morphology have no clear evidence of companions/remnants
(Wilcots & Prescott 2004; B05) or are not bound to massive
hosts (Odewahn 1994); the visible neighbour to Magellanic-
type NGC 4618 for example may be too distant and kine-
matically distinct (Kaczmarek & Wilcots 2012).
Tidal triggers remain a viable progenitor if lopsided-
ness persists long after the interaction event (van Eymeren
et al. 2011). Numerical simulations of merger/tidal-induced
lopsidedness imply however that the corresponding lifetime
lies on the order of a Gyr (Walker et al. 1996; B05), and is
thus too short to account for its observed prevalence (Bald-
win et al. 1980). B05 addresses this timescale problem by
invoking gas accretion which, in idealised models, sustains
lopsidedness for several Gyr. The galaxy sample which mo-
tivates their study finds later-type galaxies more lopsided
however, in qualitative disagreement with more recent stud-
ies (i.e. van Eymeren et al. 2011). Moreover, their finding
of a correlation in first and second Fourier modes (lopsided-
ness and bars/spirals respectively), an observation satisfied
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by accretion rather than a predominantly tidal trigger, con-
flicts with other samples of isolated galaxies (i.e. Espada et
al. 2011).
To date, numerical studies have ascertained the lifetime
of tidal-triggered lopsidedness in only limited detail. For
example, disc structure is shaped by stellar processing: re-
cent attempts to reproduce late-type spirals/bulge-less discs,
such as the Galaxy, in simulations have invoked strong feed-
back (Governato et al. 2010), gas recycling from stars (Mar-
tig et al. 2010), long cooling times (Brook et al. 2004), or
low efficiency of star formation (Agertz et al. 2011) to attain
the requisite low bulge-to-disc ratios and halo profiles. The
implications for lopsidedness have yet to be explored.
Moreover, idealised models of lopsided galaxies raised
the tantalising prospect of long-lived off-centre bars and
global modes of asymmetry as a consequence of interac-
tions/misalignments between the disc and halo (Jog 1997;
Levine & Sparke 1998; Noordermeer et al. 2001) and low pat-
tern speeds (Ideta 2002; Saha et al. 2007). This is especially
relevant to the broader issue of the dark matter content of
disc galaxies; theoretical predictions based on halo occupa-
tion models (i.e. Moster et al. 2010) far surpass those ob-
tained from rotation curves, for galaxies including the LMC
(van der Marel & Kallivayalil 2013).
The LMC presents an opportunity to benchmark sim-
ulated tidal-driven asymmetry against a wealth of observa-
tional data. Proper motions measurements and subsequent
simulations (Besla et al. 2012; Diaz & Bekki 2012) suggest
the recent (∼300 Myr ago) close passage by its less mas-
sive companion, the Small Magellanic Cloud, is primarily
responsible for the LMC’s exemplary lopsidedness. This has
manifested in a single faint spiral arm and the offset of var-
ious subcomponents, including the optical centre of the bar
and photometric centre of the outer isophotes, by ∼0.5 kpc
(de Vacouleurs & Freeman 1972; Westerlund 1997; Cole et
al. 2005; van der Marel & Kallivayalil 2013), which may be
related to the elliptic and unvirialized nature of the disc (van
der Marel 2001). The stellar bar is either warped (Subrama-
niam 2003), elevated above the disc plane (Zhao & Evans
2000) or not a bar at all (Zaritsky 2004). The LMC also
harbours its largest HII region (30 Doradus) at a single bar
end, characteristic of Magellanic-type galaxies (Elmegreen
& Elmegreen 1980), and possibly related to the tidally-
perturbed bar dynamics (Bekki & Chiba 2007).
This paper investigates how tidal-induced lopsidedness
in Magellanic-type galaxies depends on disc-halo interac-
tions, galaxy mass, and parametrizations for star formation
and feedback. The paper is organized as follows. In Section
2, we describe the parametrized numerical model. The main
results for our reference models and a parameter study are
given in Section 3, and the applicability of these results to a
wider understanding of lopsided and Magellanic-type galax-
ies is discussed in Section 4.
2 NUMERICAL METHOD
We simulate the response of a generic barred late-type spiral
galaxy (the primary) to a brief tidal interaction with a less
massive companion, using an original code (e.g. Bekki 2011).
Accurate reproduction of differential tidal forces require self-
consistent live models for both galaxies. The companion is
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Figure 1. Absolute distance between the primary and compan-
ion galaxies (red line) and the corresponding tidal parameter (TP;
blue line). Our simulations commence with secular bar formation
of the primary; the companion is added at T=0 Gyr on a hyper-
bolic orbit with pericentric distance of ∼7.5 kpc.
structurally identical to the primary, except for its dynami-
cal mass and mass-dependent metallicity.
The primary’s stellar bar is obtained first through an
isolated preliminary simulation where a secular bar insta-
bility is induced in an isolated collisionless model (dissi-
pative and SF physics are temporarily switched off) with
a Toomre’s parameter Q=1. This phase of the simulation
is stopped when the disc has evolved to a quasi-stationary
state (after several rotation times; Friedli & Benz 1995) com-
parable to the LMC (namely the bar radius and disc scale-
length; van der Marel 2001). Both dissipative physics, and
the companion galaxy on a hyperboilc orbit of the primary,
are then added and the simulation resumed at a reference
time T=0 Gyr (Figure 1).
This method reduces the entanglement between the bar
formation/growth phase (which is highly sensitive to pa-
rameters which subtly modify the disc self-gravity) and the
subsequent interaction. One caveat lies in the bar density
profile varying between tidally-induced and secular forma-
tion, with the latter being typically more cuspy (Noguchi
1996). The mass profile of bars in late-type galaxies indicate
that they arise spontaneously, consistent with their relative
isolation, and justifying our method. The typical epoch of
bar formation for Magellanic-type discs is z∼0.8-1 (Kraljic
et al. 2012), thus prior to the recent epoch of LMC-SMC
interaction. The apparent synchronicity of the LMC’s bar
formation with a close passage of the SMC (Smecker-Hane
et al. 2002; Bekki & Chiba 2005) however implies a tidal trig-
ger. Alternatively, persistent tidal stripping of the halo by
friction from the MW may have instead raised the relative
self-gravity of the stellar disc leading to secular instability.
Regardless, Figure 2 indicates that at T=0 the secular bar
profile for our LMC-analogue is in fact relatively cored, with
a clear cusp only developing later as consequence of tidally-
induced infall.
2.1 Interaction Parameters
Wemodel our tidal interaction on the most recent pericentre
in the binary orbits of the LMC/SMC, occurring 300 Myr
ago (Kallivayalil et al. 2006; Diaz & Bekki 2012); the previ-
ous close interaction with the SMC (and MW) lies at least
1.5 Gyr earlier. The pericentric distance rp is accordingly set
c© 2013 RAS, MNRAS 000, 1–13
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Figure 2. Stellar surface mass density along the bar major axis
at commencement of the reference retrograde simulation (0 Gyr)
and several Myr following pericentre (2 Gyr). The bar radius (1.5
kpc) and annulus in which global asymmetry is determined are
shaded blue and grey respectively.
to 8 kpc. We take the null hypothesis that the LMC’s myr-
iad asymmetry is a consequence of this recent interaction;
B05 show that strong asymmetry correlates with the per-
turbation of the primary’s potential in a single Gyr period
following pericentre.
We use a primary-to-companion dynamical mass ratio
rh of 0.3, consistent with the models of Diaz & Bekki (2012)
which successfully reproduce the tidal formation of the Mag-
ellanic Stream over the previous 2 Gyr. The strength of the
interaction can be quantified with a tidal parameter (TP):
TP = log
(
rm
(
RS
rp
)3)
, (1)
where rs is the stellar disc scalelength (Section 2.3). Our
prescribed tidal scenario corresponds to a peak TP of about -
2.8 and a relative velocity of ∼250 kms−1; the corresponding
peak lopsidedness (AI; Section 2.4) of ∼0.2 is thus consistent
with Fig. 11 of B05 which considers asymmetry over a range
of TP.
The absence in correlation between lopsided discs and
visible companions (Wilcots & Prescott 2004; B05) moti-
vates us to implement a highly eccentric hyperbolic orbit for
the companion. Magellanic irregulars are frequently isolated
although a quantification of isolation in this case is gener-
ally lacking. For the specific case of asymmetric Magellanic
galaxies NGC 4625 and 4618, which are of comparable mass
to the MCs but separated by ∼900 kpc; Bush & Wilcots
(2004) estimate, on the basis of an HI loop in NGC 4628, a
most recent passage on the order of 1 Gyr ago. Under a sim-
ple two-body orbital scenario, this requires an exceptionally
large eccentricity (e >50).
We take a moderate approach more consistent with the
MCs, wherein e =5 provides a 500 Myr window during which
the companion lies within the primary’s tidal radius of ∼20
kpc (van der Marel 2002), and is 0.1 and 0.5 Mpc distant
at 1 and 3 Gyr after pericentre respectively. Other prescrip-
tions for isolation among massive spirals similarly require no
neighbour within several hundred kpc (Tollerud et al. 2011;
Lorenzo et al. 2013), or 20 times the primary’s angular diam-
eter (Verley et al. 2007). Moreover, B05 suggest that a tidal
parameter of TP<-6 represents a very isolated state. No sig-
nificant tidal structures bridging our model galaxies form;
based on the aforementioned criteria therefore, the primary
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Figure 3. Rotation curve of the primary reference model fol-
lowing the orbital pericentre, assuming v=
√
GM(< r)/r, for old
stars, the halo and all components (blue, red and grey lines respec-
tively). Recent 3-epoch observational data from Van der Marel &
Kallivayalil (2013) is conveyed with blue points with their line-
of-best fit (black line) with 1σ uncertainty (grey region).
galaxy could be feasibly identified as isolated only 1 to 1.5
Gyr after pericentre.
We mainly consider models wherein the companion
orbits the primary in retrograde (the orbit trajectory is
counter to the primary disc rotation), and enforce an angular
offset (phase-lag) between the primary bar and companion
of approximately 30 to 60 degrees to reduce degeneracy in-
troduced by potentially polluted resonant responses (Gerin
et al. 1990). The companion disc is coplanar with its orbital
plane, which itself is inclined to the primary disc by some in-
clination angle i. Our reference model uses i=45 degrees, to
introduce the tidal resonant pollution expected across inter-
acting galaxies for which we assume no general bias towards
the innately stronger zero inclination case
2.2 Disc Model
The bulge-less stellar and gas discs have an initial total mass
Md, and lie embedded within a massive halo with mass M .
The halo mass is defined in terms of the disc mass with ratio
rh. In the case of the LMC and analogues, predictions for
the halo mass fall into two groups. Direct observations of
stellar/HI kinematics determine rh on the order of 1 to 10
(Bush & Wilcots 2004; Diaz & Bekki 2012, van der Marel
& Kallivalyalil 2013). Statistical methods applied to cos-
mological models, however, appear to raise the typical ra-
tio by up to a magnitude. Moster et al. (2010) for example
equate the of-order 109 M⊙ baryonic mass of the LMC with a
halo mass 0.5×1011 M⊙. Boylan-Kolchin, Besla & Hernquist
(2011) consider mass and environment for LMC-analogues
and determine a similar estimate.
We adopt M=1.7×1010 M⊙for our reference model, in
accord with van der Marel & Kallivayalil (2013), correspond-
ing to rh∼4, and larger than previous detailed models of the
LMC, such as Bekki & Chiba (2005) who adopt a halo-
to-disc mass ratio for their models of 2.33 consistent with
van der Marel et al. (2002). We utilise the fixed halo den-
sity profile suggested by Salucci & Burkert (2000) for dwarf
c© 2013 RAS, MNRAS 000, 1–13
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galaxies:
ρdm(r) =
ahρdm,0
(r + adm)(r2 + adm2)
, (2)
where ρdm,0 is the central dark matter density, and ah is a
free scaling parameter. The fundamental parameters for this
dark matter profile ρdm,0, adm, and M0 (where M0 is the
total dark matter mass within adm) are not free parameters,
and clear correlations are observed between them (Burkert
1995):
M0 = 4.3× 10
7
(
adm
kpc
)7/3
M⊙. (3)
The observed LMC stellar mass (2.7×109 M⊙; van der
Marel et al. 2002) neutral gas mass (5×108 M⊙; Kim et
al. 1998) and presumed gas loss by SF and tidal-stripping
motivate a choice of Md=3.5×10
9 M⊙, with a corresponding
gas mass fraction fgas of 30 percent. The truncated stellar
disc size Rd is assumed to scale with a size-luminosity power
law, normalised by Galactic values:
rd
17.5kpc
=
(
Md
6× 1010M⊙
)0.32
, (4)
The radial (R) and vertical (Z) density profiles of the stellar
disc are assumed to be proportional to exp(−R/R0) (with
scale length R0=0.2Rd) and sech
2(Z/Z0) (with exponen-
tial scale length Z0=0.04Rd) respectively. This provides a
R0 consistent with the LMC’s observed 1.3 kpc (van der
Marel et al. 2002). The exponential gas component is mod-
elled with a single phase, and extends to at least 1.5 times
the stellar disc radius. In addition to the rotational veloc-
ity caused by the gravitational field of disc and dark halo
components, the initial radial and azimuthal velocity disper-
sions are assigned to the disc component according to the
epicyclic theory with Toomre’s parameter Q=1.
For the aforementioned parameter set, ah was tuned to
find a model rotation curve (assuming V=
√
GM(< r)/r)
that complies with observed data shortly after pericentre
(Figure 3). If interpreted in terms of a two component pro-
file, the data implies a steep rise to approx 76 kms−1 at 1.4
kpc, and remains largely constant at greater radii (Luks &
Rohlfs 1992; van der Marel & Kallivayalil 2013). This profile
is consistent with late-type spirals, with the bar radius (1.5
kpc in the case of LMC) often constrained by the turnover
radius (Combes & Elmegreen 1993). Van der Marel & Kalli-
vayalil (2013) note that the LMC lies comfortably within the
tight Baryonic Tully-Fisher relation, which the implication
that tides and the bar are not substantially modifying the
rotation curve over time.
Figure 4 shows the vertical velocity dispersion as a func-
tion of radius, in isolated and interacting (retrograde) orbital
models at T=2 Gyr (shortly after pericentre in the interac-
tion case). Disc stars are heated perpendicular by the bar
instability, leading to a thick discs similar to those observed
among Magellanic-type galaxies (de Vacouleurs & Freeman
1972); the heating due to the weak inclined tidal interac-
tion (Quinn et al. 1993) is only minor by comparison. Both
models are consistent with carbon star kinematics (Kunkel,
Irwin & Demers 1997), measurements for other subpopula-
tions which spread from 6 to 30 kms−1 (Van der Marel 2001
and references therein); and an analytical dispersion profile
σ
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Figure 4. Vertical velocity dispersion as a function of radius at
T=0 Gyr (grey line), and T=2 Gyr for the isolated and retrograde
simulations (re and blue lines respectively). The analytical profile
of Alves & Nelson (2000; AN00), derived from estimates of the
present disc structure, is conveyed with the grey dashed line; the
mean observed σ of van der Marel (2001) and data points from
Kunkel et al. (1997; K97) are given with blue dashed line and
black error-bars respectively.
Pro.
1 kpc
Ret.
Figure 5. (Top) Iso-density ellipses (grey lines), the stellar bar
(red line) and young stars (age less than 300 Myr; black points).
The left and right panels show the prograde and retrograde ref-
erence models respectively, 500 Myr after pericentre, by which
time the characteristic morphologies of these interactions have
developed; (Bottom) A 1 kpc-wide cross-section viewed edge-on
with the x-axis representing the bar major axis. Logarithmic scale
contours convey stellar surface density.
based on present estimates of R0 and Z0 (Alves & Nelson
2000).
Our choice of structural parameters generally lead to
the formation of an Inner Lindblad Resonance (ILR), indi-
cated by gas lying in a nuclear concentration and circum-
nuclear ring (i.e. Knapen et al. 1995), consistent with spiral
discs in general. As a specific case, the LMC is notably more
homogeneous in its H I distribution (Staveley-Smith et al.
2003) and lacking a gaseous bar, unlike other Magellanic-
type disc (Wilcots et al. 1996). We presume the unique na-
ture of the long-term interaction with the SMC and/or trun-
cation by the MW halo (Mastropietro et al. 2005), which we
do not model here, accounts for these differences.
c© 2013 RAS, MNRAS 000, 1–13
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2.3 Star Formation and feedback
A gas particle is converted into a new star with efficiency
eSF if (i) the local dynamical time-scale is shorter than the
sound crossing time scale (mimicking the Jeans instability),
(ii) the local velocity field is identified as being consistent
with gravitationally collapsing (i.e. div v< 0), and (iii) the
local volumetric density exceeds a threshold density for star
formation (ρth). We fine-tune the SF criteria to match the
observed star formation rate of order 0.1 M⊙yr−1 typical
of the LMC’s recent past (Harris & Zaritksy 2009), and to
account for mass resolution dependence. Figure 6 exhibits
how the tidal interaction can be clearly imprinted on the star
formation history, only ∼1 Gyr after a burst corresponding
to the initial collapse of the gas component. This motivates
our choice for a reference ρth as 10 nHcm
−3, with a star
forming efficiency of 1.5 percent consistent with observation
(i.e. Krumholz & Tan 2007). We adopt a Salpeter IMF with
new stars in the mass range 0.1 M⊙ < M< 50 M⊙.
Supernova feedback is implemented at the sub-grid level
on the assumption that all interacting energetic output (a
canonical 1051 ergs) from the event is shared between ther-
mal (UV emission) and mechanical kinematic components;
the balance is controlled with the fkin parameter, with 0 and
1 corresponding to pure thermal. The shock extends to a ra-
dius of 0.175 kpc, and thermal transfer is enforced over a
period of 100 Myr. In a cursory attempt to match the un-
derlying morphology, SFR and age-metallicity relation for
the quiescent epoch in the LMC’s history (e.g. from Cole et
al. 2005, Harris & Zaritsky 2009), there arises a need to eject
the majority of SN energy into thermal form (i.e. fkin=0.1).
This prescription also prevents spurious clumps in the gas
distribution for a gas mass fraction in the range 0.2 to 0.3
as applicable here, and maintains an extended disc. This
range of fkin is consistent with observations of SNe (Korpi et
al. 1998), and earlier simulations (Navarro & White 1993).
Radiative cooling, with η = 5/3, follows the rate curves
of Rosen et al. (1993) in the range 102 < T (K) < 104,
and Mappings III (Allen, Sutherland & Dopita 1993) for
T > 104K.
2.4 Quantifying lopsidedness
Fitting equal-mass ellipses (Pilu, Fitzgibbon & Fisher 1999)
to a smoothed face-on surface mass density distribution pro-
vides a robust means of calculating the disc centre, which
is taken as an the average of the centres of the outermost
ellipses. The central-most ellipse with eccentricity>0.5 is
taken as the bar centre and, with respect to this location, the
radial-azimuthal mass distribution of the disc is obtained.
Using the method of Odewahn et al. (2002), a Fourier de-
composition determines the zeroth to second mode ampli-
tudes/phase.
We use the empirical measure of disc-wide asymmetry
AI suggested by Zaritsky & Rix (1997). The scalelength rs
is estimated to coincide with one e-folding less than the cen-
tral luminosity attained from extrapolating the radial pro-
file from the half-luminosity radius. AI is then the average
M=1 amplitude, normalised by the corresponding M=0 am-
plitude, in the range 1.5 to 2.5rs from the luminous cen-
tre (Figure 2). Note that we assume for brevity a constant
mass-luminosity relationship, and that our face-on AI can
be compared with observations in spite of inclination uncer-
tainty.
The bar radius is defined as the shorter of (i) the radius
where the m=2 phase starts to deviate from its established
phase by more than 10 degrees (e.g. O‘Neill & Dubinski
2003) and (ii) the radius where the corresponding ellipse
minor-major axis ratio starts to exceed 0.4. We find in prac-
tice these to be robust criteria (Figure 5). The in-plane sepa-
ration between the disc and bar centres is used as a measure
of bar offset within the host halo; Figure 6 conveys how
our reference prograde orbital model attains an offset (and
disc ellipticity) consistent with the observed ∼0.5 to 0.6 kpc
(0.2 to 0.3) of the LMC (van der Marel 2001). Bar strength
is quantified as the maximum amplitude of the m=2 mode
within the bar (Athanassoula et al. 2013).
2.5 Numerical Resolution
The following analysis is predicated on the plausible re-
sponse of the primary halo to external perturbations, and its
relationship with the inner disc and adiabatic compression
by the stellar bar. This mechanism, like others concerning
the inner halo, depends strongly on model resolution (e.g.
Theis 1997; Weinberg 1998; Athanassoula & Msirotis 2002).
Our adoption of 500,000 particles for the primary galaxy
(with the allocation of 400,000 to the halo, 100,000 to the
disc) lies within the recommended ranges of the aforemen-
tioned studies. The number of particles describing the com-
panion galaxy depends on the mass ratio; for a reference
rm=0.3, our simulations thus have a total of 650,000 parti-
cles.
Moreover, our models use a variable time-step ranging
from 1.4×104 to 1.4×106 on the order of 40 kyr (depending
on particle density), which is consistent with the convergent
regime range identified by Dubinski, Berentzen & Shlosman
(2009) to yield convergent bar and halo central densities.
Other studies indicate however that 106 particles cannot
c© 2013 RAS, MNRAS 000, 1–13
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dynamical centre, for various particle numbers n of the primary
galaxy. The reference- and high- resolution models are sufficiently
converged within the inner kpc.
resolve the interaction between the bar and halo (Holley-
Bockelmann et al. 2005).
The incorporation of a dissipative medium and sub-grid
physics in a parameter study format limits the resolution we
can adopt in practice. Consequently, we compare the salient
results of our retrograde reference model with those of a high
resolution case (1,300,000 particles in total for rm=0.3). Fig-
ures 5 and 8 indicate that disc-wide metrics of star formation
and lopsidedness are acceptably consistent in both reference-
and high-resolution cases for the retrograde orbital scenario.
Moreover, halos tend to flatten due to torquing by the bar
(Holley-Bockelmann et al. 2005), but excessive flattening
is characteristic of poor spatial resolution (Dubinski et al.
2009), as exemplified in our low-resolution case (Figure 7);
the reference case is however acceptably converged to the
higher-resolution results.
3 RESULTS
Table 1 summarises the structural and physical parameters
for reference simulations we find consistent with the LMC’s
observable benchmarks. The results for a one high resolu-
tion and 26 reference resolution models are discussed in the
following section.
3.1 Reference Model
3.1.1 In-plane morphology
Figure 8 compares the time evolution of AI in reference
models with prograde/retrograde companion orbits, and an
isolated (no companion galaxy) simulation. The interaction
scenarios clearly enhance lopsidedness; the isolated case is
consistent with B05 who find intrinsic mechanisms can not
promote AI>0.05. The prograde case results in strong lopsid-
edness, which is defined by the top 20 percent of a sample of
galaxies considered by Rudnick & Rix (1998), which exhibit
AI>0.19. By contrast, they find a median of 0.11, consistent
with more recent samples (0.1; van Eymeren et al. 2011).
In both interaction cases, the timescale for above-average
AI lies on the order of a Gyr, or about 10 dynamical times.
This is consistent with the rapid decline in TP (Figure 1;
and B05), and rapid dissipation of bulk stellar asymmetry
through differential disc rotation or damping by a density
Table 1. Summary of reference model (M1) parameters
Parameter Value Definition
N 500,000 Particle Number
M 17×109 M⊙ Dynamical Mass
Md 3.5×10
9 M⊙ Baryonic Mass
fgas 0.3 Initial Gas Fraction
rs 1.4 kpc Initial stellar scalelength
zs 0.28 kpc Initial stellar scaleheight
rg 4.2 kpc Initial gas scalelength
zg 0.56 kpc Initial gas scaleheight
Q 1 Initial Toomre parameter
ah 0.75 Halo density scaling
fkin 0.1 Kinematic feedback factor
tSN 4×10
4 yr SNe expansion timescale
ρth 10 ncm
−3 SF Threshold Density
e 0.015 SF efficiency
rm 0.3 Mass ratio
rp 8 kpc Pericentre of two-body orbit
θ 45 degrees Orbit inclination
e 5 Orbit eccentricity
wake in the halo. We find in these and later models that the
bar offset (in-plane separation between bar and disc centres)
correlates with AI; the prograde and retrograde cases exhibit
peak offsets of 0.5 and 0.3 kpc respectively, broadly consis-
tent with the LMC (0.4 to 0.5 kpc; van der Marel 2001).
Based on the present rotation of the LMC (van der
Marel et al. 2013) and recent simulations constrained by
proper motions (Diaz & Bekki 2012), the most recent LMC-
SMC close passage conforms to a retrograde orbital en-
counter. Figure 5 indicates that a prograde encounter by
contrast enhances the spiral arms, traced in particular by
recent star formation along the associated arms; the retro-
grade case shows no such large scale SF distribution, con-
sistent with the LMC. The prograde encounter induces a
stronger AI, because the companion’s relative velocity (∼250
kms−1) at pericentre, being far greater than the primary’s
rotation velocity, preferentially perturbs/strips one side of
the disc. This is qualitatively different from Bournaud et
al. (2005a) who find, in models with a lesser relative ve-
locity compared to rotation, that the retrograde case yields
stronger AI in mergers because the companion is less de-
formed prior to pericentre and thus exerts a more coherent
tidal force.
In both pro/retrograde cases, the star-burst attributable
to tidal-induced infall achieves little more than a doubling of
the corresponding secular rate, consistent with the disc-wide
SFH of the LMC (Harris & Zaritsky 2009), and simulations
of gas-rich interacting galaxies (Di Matteo et al. 2007). The
last 5-6 Gyr show an underlying quiescent rate punctuated
by brief doubling episodes which appear to coincide with the
close passages of the SMC. For a brief period of several 100
Myr (consistent with Di Matteo et al. 2007), the prograde
case exhibits a more enhanced SFR because gas overdensi-
ties in the spiral arms and nucleus are more optimal for SF
than the smaller stochastic overdensities formed in the ret-
rograde case. The retrograde model retains only a weak spi-
ral structure, again preferentially enhanced on one side, and
which does not harbour any strong SF (Figure 5). By a Gyr
after pericentre, when lopsidedness in both cases has largely
subsided, the disc morphologies as traced by the exponen-
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Figure 8. Asymmetry of the isolated, prograde and retrograde-
(and high-resolution retrograde) reference models; the shaded re-
gion indicates the epoch during which the companion lies within
the tidal radius of the primary. (Top left) Reference and High-
resolution retrograde models; (Bottom left) Isolated, prograde
and retrograde reference models; (Top right) reference retrograde
model with varying orbital eccentricity of companion (reference
e=5); (Bottom right) reference retrograde model with varying or-
bital inclination (reference inclination 45◦).
tial disc scalelength and bar size are similar, suggesting that
this high speed encounter does not promote transformation
to earlier type spirals (Elmegreen et al. 1990).
The disc ellipticity in both interacting reference mod-
els is similar (Figure 6), rising to the 0.2-0.3 traced by RR
Lyrae in the LMC (van der Marel 2001), which are gen-
erally smoothly distributed (Hashke et al. 2012) and trace
the underlying triaxiality of the distorted halo. This large
scale elongation of the stellar disc, exceeding the average
among spirals, has in previous studies been associated with
the long-term influence of the Galaxy (Weinberg 2000; van
der Marel 2001).
3.1.2 SF and out-of-plane lopsidedness
The distorted outer disc and brief tidal torquing leads to un-
even gas infall to the bar. The noted presence of an ILR prior
to the interaction (Section 2.2) does not mask this effect in
the inner disc, when quantified in terms of one-sided star
formation (due to offset shocks on the leading edge of bar
caused by the collision of infalling gas and gas bound to the
resonant stellar orbits of the bar). Figure 9 shows the mass-
weighted mean radius of recent star formation (less than 100
Myr) parallel to and normalised by the the bar length (rSF).
The data is implicitly averaged in time (with data output
from the simulations at 70 Myr increments, compared to
typical GMC’s lifetimes of ∼20 Myr i.e. Murray 2010).
The retrograde encounter induces a larger rSF, in a 2
Gyr period following pericentre, than in the isolated case.
This can be attributed to the underlying lopsided potential;
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Figure 9. (Bottom) For the same models, bar warp angle (thick
lines) and disc warp (dashed lines); (Top) Mean radii of star for-
mation, normalised by the bar radius, as a function of simulation
time, for the isolated, prograde and reference- and high-resolution
retrograde models
Jog (1997) showed how overdense gas at the disc azimuth of
peak M=1 can exhibit enhanced SF of up to 50 percent. The
significantly smaller rSF in the prograde case is indicative of
a qualitatively different response in the inner disc, in spite of
a greater overall AI: the encounter promotes stronger infall
via an enhanced m=2 mode, with the subsequent growth of
a centrally concentrated bulge promoted over stochastic SF
at the bar ends.
The perturbed potential can manifest in out-of-plane
structure, which we propose here to be related to one-sided
SF. These structures, arising only in non-isolated models,
include flaring of the disc, tidal arms tending towards the
inclined path of the perturber’s orbit and misalignment of
the bar. The bar of our retrograde model is both mis-shapen
and shows the strongest misalignment relative to the disc
plane among our reference models (Figure 9). The timescale
over which it surpasses that of the isolated model is also
consistent with rSF.
Dereddened magnitudes taken along the LMC bar indi-
cate that it is warped, with the bar ends of the nearly face-on
disc lying closest from our perspective (Subramaniam 2003).
The strong deformation may also explain observations of the
bar, which suggest a substantial displacement from the disc
plane or even a misaligned bulge (Zhao & Evans 2000; Zarit-
sky 2004). Besla et al. (2012) find in tidally-perturbed mod-
els of the LMC a significant bar warp (the inclination of the
bar relative to the disc), which they suggest is indicative
of a weak bar and explains the near absence of a gaseous
counterpart to the stellar bar (Kim et al 1998).
Out-of-plane distortions in the prograde model manifest
more prominently as warping of the outer disc (Figure 5),
which we quantify with the maximum mid-plane displace-
ment from the disc plane (Figure 9). This warp is short-lived,
comparable to the 1 Gyr timescale of TP and AI. Such warps
are common among spirals, preferentially occurring beyond
several scalelengths as we find here (Saha & Jog 2006), but
are not necessarily related to lopsidedness (Jog & Combes
2009).
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Figure 10. Same as Figure 8 for (Left) Reference retrograde
model, low-mass retrograde and isolated model; (Right) varying
adiabatic timescale tSN for SNe (reference tSN=4x10
4 yrs).
3.2 Dependence on orbital parameters
The reference retrograde model of Section 3.1 most closely
reproduces the salient aspects of the benchmark LMC, so
we hereafter perform a parameter study based on this inter-
action scenario. For our reference TP at pericentre, inclina-
tion and eccentricity are the orbital variables most influen-
tial on lopsidedness (Bekki 2009). Reducing the eccentricity
allows for a larger TP over a longer period of time, with
the tidal force itself enhanced at the lower corresponding
transit velocity (Figure 9). The lower eccentricities consid-
ered are not compatible with the primary appearing isolated
within a short period after the interaction, unless the com-
panion is a dark halo (Bekki 2009), diffuse gas cloud (Wilcots
et al. 1996), or is otherwise too low mass for detection, in
which case a lower e could compensate for the reduced mass
ratio/TP (Section 3.5). In this latter case, the deformation
of the companion is significant, such that retrograde encoun-
ters (in which the companion is deformed less) yield greater
AI, in accord with Bournard et al. (2005a) but discrepant
from our reference scenario.
We find the most co-planarity between orbit and pri-
mary disc (22.5 degrees) yields the largest AI (Figure 8),
due to a largest in-plane component to the tidal force. On
the other hand, the bar warp and rSF are negligible; instead,
the stellar bar establishes a strong boxy/peanut-shape, char-
acteristic of an induced vertical buckling, that substantially
weakens the bar (Martinez-Valpuesta & Shlosman 2004) but
remains in-plane with the disc. By contrast, the 45 and 67.5
degree inclination models establish weak bars with either a
systematic warp or bow-shape through their length; rSF is
accordingly larger (equally so in both models due a poorer
dependence towards larger inclinations). The observed LMC
bar is more consistent with the latter cases (Subramaniam
2003).
3.3 Dependence on galaxy mass
The relative paucity of low mass halos relative to theoretical
expectation (Moore et al. 1999) is thought to be due to a
weak potential well in which stellar feedback and external
perturbations highly influence morphology. We run a low
mass model (Figure 10), utilising the reference model struc-
tural parameters, but fine-tuning SF criteria to account for
mass-resolution dependence. Accordingly, we find the peak
AI (and the timescale over which AI exceeds the canoni-
cal mean of 0.1) is enhanced compared with the reference
case. The AI arising in an isolated low-mass model is also
exceeds that in more massive models (and greater than pre-
viously established limits on secular lopsidedness; B05). In
this case therefore, the instantaneous AI is not limited by
the corresponding TP (as in the reference model, and the
models of B05), with lopsidedness persisting after the driv-
ing mechanism has been effectively removed. Also of note is
a clear oscillation in the time-varying response of the low-
mass model; sloshing of this nature has been found in previ-
ous works (Taga & Iye 1998), and Athanassoula et al. (2013)
attribute oscillations in their models of bar growth to simul-
taneous non-axisymmetries arising in a triaxial halo.
3.4 Dependence on SF criteria and feedback
In models covering a wide parameter range (eSF from 1 to 10
percent, ρth from 1 to 100 nHcm
−3, fkin from 1 to 20 percent
and tSN from 10
4 to 105 yrs), we find no clear trends with
lopsidedness, when quantified in terms of AI and rSF. The
parameter changes are more often clearly imprinted on other
aspects of the spatial distribution: for example, larger values
of ρth promote the formation of a more flocculent gas dis-
tribution in the vicinity of the bar ends. A similar arrange-
ment of embryonic arms was noted as common among barred
Magellanic systems (NGC 4027, 4618) by de Vacouleurs &
Freeman (1972).
We interpret this result in terms of two competing
mechanisms. First, restraining star formation or increasing
feedback potency by means of a low eSF, high ρth, low fkin or
high tSN mitigates the central mass build-up and bar growth,
as quantified by the exponential scalelength and peak m=2
amplitude. This is in agreement with previous numerical
simulations that reproduce late-type structure (i.e. Brook
et al. 2004; Agertz et al. 2011). We find this spiral type ex-
hibits larger peak AI, bar warp and rSF, because the tidal
induced lopsided is opposed by less disc self-gravity (Jog
1999), largely as a consequence of a weaker stellar bar.
On the other hand, unrestrained SF and weak feedback
tends to promote massive stellar and gas clumps respec-
tively, which also enhance lopsidedness. Figure 10 shows for
example that a short timescale for radiative transfer of SNe
(tSN=10
4 yrs) significantly enhances the peak AI. In these
cases, massive clumps scattered through the disc strongly
influence the stellar morphology and thus AI. The clumps
heat the disc/halo, weakening bar growth (Noguchi 1996;
Athanassoula 2003). This is qualitatively consistent with ob-
servations of bluer galaxies, typically late-type spirals, which
generally host weaker, smaller bars (i.e. Athanassoula 1992;
Hoyle et al. 2011). While these clumps may be argued as un-
physical, the gas content and often high SFR of Magellanic-
type galaxies draws comparison with galaxies of intermedi-
ate redshift, which are also generally quite clumpy (van den
Bergh 2002).
3.5 Dependence on halo and gas fraction
The LMC’s lopsidedness has been interpreted as evidence of
a significant dark matter potential (Cioni et al. 2000); ex-
ternal tides can distort the halo, to which the disc responds
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Figure 11. Same as Figure 8 for (Top left) Low mass
(M=1.7×109 M⊙) primary with varying halo-to-disc mass ratio
(rh); (Top right) One-tenth mass ratio (rm=0.1) with varying rh;
(Bottom left) Reference retrograde model with varying rh (ref-
erence rh=4); (Right) varying gas mass fraction fgas (reference
fgas=30 percent)
more strongly than to the perturber alone (Weinberg 1995;
Jog 1997). Further evidence for a massive halo in later-type
spirals lies in their typically low m=2 pattern speeds (Rauti-
ainen, Salo & Laurikainen 2005). As broached in Section 2.2,
estimates for the LMC’s dynamical mass are surpassed by
theoretical predictions, and we show in Figure 11 that larger
rh substantially increase the peak AI (but not the timescale
for strong AI, which remains on the order of a Gyr). For
rh=40, the bar offset for the retrograde case matches the
observed 0.5 kpc (van der Marel 2001), as opposed to 0.3
kpc for the reference model with rh=4.. Moreover, the cor-
responding rSF and bar warp correlate positively with rrh.
To facilitate fair comparison with our reference model,
the halo scaling parameter for these models was fine-tuned
to match the inner rotation curve (Figure 3) and bar
growth given substantial self-gravity. The bar is accordingly
smaller/weaker for larger rh (with no ILR for rh=40) and
the disc scalelength marginally larger. Nonetheless, the re-
sults agree with previous simulations; Gao & White (2007)
find larger asymmetry in more massive halos following post-
analysis of the Millennium cosmological simulation, and
Nordermeer et al. (2001) correlate long-lived lopsidedness
with a more halo-dominated inner disc. A similar result is
found in two additional cases (Top row, Figure 11): first,
in models with one-tenth the mass of the reference case
(M=1.7×109 M⊙) AI is increased while maintaining the os-
cillations noted in Section 3.3. Secondly, a one-tenth mass ra-
tio rm (compared to a reference rm=0.3) induces a AI barely
distinguishable from purely secular origins for the reference
rh, but shows long-lived lopsidedness when rh=40.
Spirals and dwarves show gas mass fractions ranging
from 5 to 80 percent (McGaugh & de Blok 1997; Geha et
al. 2006). We find for non-zero gas mass fractions (fgas) less
than the 30 percent used for the reference model,AI increases
with fgas (Figure 11). This is consistent with the kinemati-
cally colder gas components in the outer disc (as traced by
H I) being typically more distorted than the stellar (Richter
& Sancisi 1994). Moreover, a larger gas reservoir can pro-
vide a more efficient momentum sink for the bar (Combes
& Elmegreen 1993). This slows its growth and weakens in-
fall that would otherwise lead to a less halo-dominated in-
ner disc, which has been shown to oppose lopsidedness (Jog
1997; Noordermeer et al. 2001). We confirm that the bar is
smaller/weaker for larger fgas as found by Athanassoula et
al. (2013), and the stellar-to-halo density ratio within the
disc scalelength is greatest for lower fgas, although the vari-
ation for the latter amounts to only several percent.
For a collisionless (zero fgas) model, the disc evolution
is qualitatively different because the bar strength grows so
rapidly without a dissipative component. The inner disc is
thus more halo-dominated than our reference model, in ac-
cord with simulations of a bar’s influence on the halo in col-
lisionless models (Dubinski et al. 2009), which can explain
the far longer-lived lopsidedness (Levine & Sparke 1998).
Our results thus suggest multiple mechanisms influencing
lopsidedness as an direct or indirect function of fgas. We also
note that lopsidedness stemming from a given fgas is sensi-
tive to the corresponding choice of SF/feedback parameters
(which are fixed here for simplicity) with regard to the for-
mation of clumps and the changing disc self-gravity (Section
3.4).
4 DISCUSSION AND CONCLUSIONS
In this paper, we investigate how barred late-type spirals
are transformed to Magellanic-type galaxies due to tidal in-
teractions. In doing so, we seek to further illustrate the role
of tidal interactions in the observed ubiquity of lopsidedness
among spirals, with comparison to other proposed mecha-
nisms such as gas accretion. This paper elaborates on previ-
ous studies by calibrating our models against the exemplary
LMC, and then performing a parameter study to establish
the range of lifetimes for lopsidedness, as well as the occur-
rence of one-sided star formation (OSSF) and disc warps.
A key aspect to our work is the labelling of the distorted
galaxy as isolated within 1 to 1.5 Gyr, facilitated by a high-
speed tidal encounter. This is comparable to the lifetime for
tidal-induced lopsidedness established from previous stud-
ies (B05), with the implication that interactions cannot ac-
count for the majority of lopsided galaxies. We confirm this
lifetime in reference models of the LMC. For a companion
galaxy (analogous to the SMC) lying on a retrograde or-
bit, the morphology and SF history of our reference model
matches that of the LMC for up to a Gyr following pericen-
tre. The off-set of the stellar bar from the disc is due largely
to distortions of the outer disc, and broadly correlates with
stellar lopsidedness (AI).
The morphology is qualitatively different between a ret-
rograde and prograde encounters; in particular, out-of-plane
distortion caused in the latter is limited to the outer disc. We
find systematically more OSSF occurs in the retrograde case,
persisting for as long as the bar is also more warped (mis-
aligned to the disc) than in isolated/prograde cases. This
is consistent with the recent LMC-SMC being retrograde
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(Diaz & Bekki 2012), leading to a warped bar, as implied by
observations (Subramaniam 2003) and reproduced in other
LMC models (Besla et al. 2012), and with observed OSSF
for at least the previous 20 Myr (Harris & Zaritksy 2009).
Gas accretion has been recently proposed to account for
most lopsidedness among particularly field/isolated galax-
ies (B05; Mapelli et al. 2008), but it has not yet been es-
tablished from simulations if such a mechanism can yield
OSSF. Magellanic-type galaxies, for which OSSF is charac-
teristic, generally appear isolated (Wilcots & Prescott 2004),
so if tidal interactions are responsible, half would exhibit
OSSF, under the reasonable assumption that ret./prograde
encounters occur with equal frequency. Indeed, Elmegreen &
Elmegreen (1980) find 50 percent of their Magellanic-type
sample exhibit OSSF as indicated by their largest HII re-
gions.
The short-lived AI remains a problem however for the
tidal scenario among spirals in general. Moreover, close en-
counters (including minor mergers) at the mass ratio rm=0.1
are an order of magnitude more likely than the 0.3 consid-
ered for our reference model (Hopkins et al. 2008). The cited
work, though considering Milky Way-type massive discs, ar-
gues on the premise that the observed low disc thicknesses
are a product of a cosmology that favours disc-heating from
rare low mass encounters. We find the corresponding AI for
rm=0.1 to be little more than that induced in secular con-
ditions, and less than predicted from the relationship with
TP (i.e. Fig. 11 of B05). This problem could be alleviated
by invoking role poorly-detectable dark halos or gas clouds
(Bekki 2008; Wilcots et al. 1996), in which case the interac-
tion could be slower (lower e) with a correspondingly greater
tidal influence. We also cannot rule out the possibility that
many companions generally lie at the technological thresh-
old of visibility, as in the recent discovery of the one-tenth
mass companion to LMC-analogue NGC 4449 (Martinez-
Delgado et al. 2012).
A less speculative proposal however is that of gas ac-
cretion which, in numerical studies of more limited range, is
found to yield generally larger peak AI over longer timescales
than their respective tidal models (B05; Mapelli et al. 2008),
and thus satisfy the observed prevalence of strong AI. Our
broader parameter study finds that the tidal scenario can
feasibly match these observations, and address several of
the points made in favour of accretion by B05.
First, B05 find later-type spirals (the precursors to
Magellanic-types; Elmegreen et al. 1990) are more lopsided
in their OSUBGS survey and suggest accretion can both pro-
mote lopsidedness and later-type structure (Bournaud et al.
2005a). Recent studies cast doubt on whether later-types are
in fact more lopsided (van Eymeren et al. 2011), although
the issue is complicated by environment. The finding that
spirals in groups, typically earlier-type, are more lopsided
is no surprise given the more frequent harassment. The re-
quirement for high speed encounters is accordingly less how-
ever, in which case the tidal forces involved are more effective
in converting to earlier types (Mihos & Hernquist 1994). We
find in our high speed interactions no such conversion, such
that tidal encounters can both promote AI and maintain the
later-type and lower surface brightness structure more com-
monly found in fields/isolation. Moreover, later-type spirals
typically have more gas (Roberts & Haynes 1994), and high
gas fractions have been shown to mitigate disc conversions
during interactions (Hopkins et al. 2009; Martig et al. 2010),
as well as promote AI as shown here.
Second, B05 find a correlation between AI and AII
(where using azimuthal Fourier decomposition up to 3.5
scalelength radii) among spiral galaxies, and argue that gas
accretion alone can satisfy this correspondence. More re-
cent studies find however an anti-correlation among isolated
galaxies (Espada et al. 2011). B05’s argument is also moti-
vated by a model of bar renewal via gas accretion (Bournard
& Combes 2002), but the shortening of the bar with time
conflicts with observations (Erwin 2005) and simulations of
bar growth (e.g. Athanassoula et al. 2013).
In our reference models, AI is most enhanced for the
prograde encounter, wherein the bar/spiral is also enhanced,
albeit briefly. Our parameter study reveals however that in
general, those model prescriptions which promote weaker
bars/spirals, facilitate the strongest lopsidedness. Weaker
bars are known to correlate with later-type discs (e.g. Abra-
ham & Merrifield 2000; Erwin 2005) due to the weakened in-
fall of material. The velocity fields of Magellanic-type NGC
925, suggest weak gas funnelling by the bar (Pisano, Wilcots
& Elmegreen 2000). Properties of the LMC are also consis-
tent with a weak bar, including the lack of a gaseous coun-
terpart to the LMC’s stellar bar (Besla et al. 2012), and
the suspected youth of the bar (Smecker-Hane et al. 2002)
which has been possibly stunted in its growth by the persis-
tent tidal heating of the halo.
Thus Magellanic-types arising from late-type spirals
should possess more lopsidedness due to less self-gravity in
the inner disc (Jog 1999; Noordermeer et al. 2001). As afore-
mentioned, OSSF is most prominent for more warped bars
which, due to their misalignment, constitute weaker dynam-
ical influence with respect to the gas disc. Weaker bars arise
in our parameter study for those models which most promote
feedback and restrict SF, consistent with recent numerical
studies which obtain late-type spirals with realistic halo pro-
files (Brook et al. 2004; Governato et al. 2010; Agertz et al.
2011). The models of Guedes et al. (2011) suggest adopt-
ing a very high resolution (∼107 particles) is sufficient to
resolve late-type structure such as that of the Galaxy, but
they use a high ρth in accord with the mass resolution. It is
non-trivial to compare these SF/feedback criteria given their
largely phenomenological role, but they appear preferable to
our secondary finding that permissive SF or weak feedback
can promote weak bars/lopsidedness via the formation of
clumps. In future studies, this degeneracy can be avoided
by mutual fine-tuning of SF and feedback criteria, to more
appropriately model highly localised SF (i.e. Schroyen et al.
2013).
By contrast, we find a clear positive correlation between
lopsidedness and the halo-to-disc mass ratio (rh). For mod-
els at the LMC stellar mass, there appear to be two mecha-
nisms at play. First, minor distortions in the outer halo can
exacerbate luminous asymmetry at the centre (Vesperini &
Weinberg 2000). This is particularly relevant for the com-
mon 10:1 mass ratio interaction where the LMC model ex-
hibits lopsidedness only if adopting the rh predicted by halo
occupation models (Moster et al. 2010). Second, the more
massive halo weakens bar growth (Athanassoula et al. 2013)
and, depending on the evolutionary stage of the bar, can fa-
cilitate the weak bars we find associated with lopsidedness.
The LMC may represent a special case however, where its
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weak bar may be a consequence of sustained halo heating
by successive tidal interactions, rather than amplification
through a massive halo which has instead been stripped by
the MW (Mastropietro et al. 2005).
On the other hand, the correspondingly short lifetime
of lopsidedness suggests that an increased rh merely ampli-
fies the tidal force rather than sustaining it. In earlier stud-
ies, a live halo is speculated to either sustain lopsidedness
(as in the case of bars via the removal of angular momen-
tum; Athanassoula 2002) or damp it (Ideta 2002). Levine
& Sparke (1998) find lopsidedness is long-lived if the disc
is displaced from the DM potential and spins retrograde
to its orbit of the DM centre, but we find little evidence
of this occurring in our models, with lopsidedness stemming
mainly from distortion in the halo-dominated outer disc (Rix
& Zaritsky 1997). Moreover, the fast tidal encounter pre-
scribed in this work would lead to a fast pattern speed for
the global m=1 mode, which has been shown analytically to
expedite its rapid decline (Ideta 2002).
We verified in Section 2.5 that the halo profile of our
models was acceptably converged to those of higher reso-
lution, but this issue, governed by momentum transport,
is notoriously resolution dependent (Valenzuela & Klypin
2003; Weinberg 1998; Theis 1997), and timely given a paral-
lel debate regarding bar lifetimes (Athanassoula et al. 2002;
2013). Furthermore, the self-consistent treatment of extant
halo triaxiality has not been studied in these contexts to
date. Athanassoula et al. (2013) find a triaxial halo stabi-
lizes against bar growth, in which case lopsidedness would
be enhanced according to the conclusions of this work, al-
though distortions incurred in the interaction itself remains
to be accounted for.
We find lower mass galaxies exhibit stronger lopsid-
edness, and are particularly responsive to amplification
by more massive halos. AI often conveys oscillations due
to the complex coupling of non-asymmetries in a triaxial
halo (Athanassoula et al. 2013). One implication is that
tidally disturbed discs could be mis-identified as not lop-
sided galaxy if observed during a trough in this periodicity.
More significantly, the timescale of lopsidedness can persist
to several Gyr, comparable to the models of gas accretion
(B05). In support of accretion, B05 argue that late-types are
typically less massive and thus will be more lopsided for a
given mass of accreted gas. In analytical models of star form-
ing galaxies, however, Bouche et al. (2010) match a universal
mass-dependence on the condition that gas accretion for fu-
elling star formation is greatly truncated below a halo mass
floor at ∼1011 M⊙ due to photoionization effects. Thus we
postulate that tidal interactions are a significant progenitor
of lopsidedness towards lower mass, but encourage future
studies to explore this mass dependence.
ACKNOWLEDGEMENTS
CY is supported by the Australian Postgraduate Award
Scholarship. We gratefully acknowledge the suggestions of
the referee that improved this manuscript.
REFERENCES
Abraham, R. G. & Merrifield, M. R. 2000, AJ, 120, 2835
Allen M. G., et al. 2008, ApJS, 178, 20
Alves D. R., Nelson C. A. 2000, ApJ, 542, 789
Angiras R. A., Jog C. J., Omar A., Dwarakanath K. S.
2006, MNRAS, 369, 1849
Athanassoula E. 1992, MNRAS, 259, 345
Athanassoula E., 2003, MNRAS, 341, 1179
Athanassoula E., Machado R. E. G., Rodionov S. A., 2013,
MNRAS, 429, 1949
Athanassoula E., Misirotis A. 2002, MNRAS, 330, 35
Agertz O., Teyssier R., Moore B. 2011, MNRAS, 410, 1391
Baldwin J. E., Lynden-Bell D., Sancisi R., 1980, MNRAS,
193, 313
Bekki K. 2009, MNRAS, 393, L60
Bekki K. 2011, MNRAS, 416, 2359
Bekki K. Chiba M. 2005, MNRAS, 356, 680
Bekki K. Chiba M. 2007, PASA, 24, 21
Besla G., Kallivayalil N., Hernquist L., et al. 2012, MN-
RAS, 421, 2109
Bouche N., Dekel A., Genzel R., et al. 2010, ApJ, 718, 1001
Bournaud F., Combes F. 2002, A&A, 392, 83
Bournaud F., Combes F., Semelin B., 2005a, MNRAS, 364,
L18
Bournaud, F., Combes F., Jog C. J., et al. 2005b, A&A,
438, 507
Boylan-Kolchin M., Besla G., Hernquist L., 2011, MNRAS,
414, 1560
Brook C. B., Kawata D., Gibson B. K., Flynn C. 2004,
MNRAS, 349, 52
Brook C. B., Stinson G. S., Gibson B. K., et al. 2012, MN-
RAS, 424, 1275
Bush S. J., Wilcots E. M. 2004, AJ, 128, 2789
Cioni M.-R. L., Habing H. J., Israel F. P., 2000, A&A, 358,
L9
Cole A. A., Tolstoy E., Gallagher III J. S., Smecker-Hane
T. A., 2005, AJ, 129, 1465
Combes F., Elmegreen B. G. 1993, A&A, 271, 391
de Vacouleurs G., Freeman K. C. 1972, Vistas Astron. 14.
163
Diaz J. Bekki K. 2012, MNRAS, 750, 36
Di Matteo P., Combes F., Melchior A. -L., Semelin B.,
2007, A&A, 468, 61
Dubinski J., Berentzen I., Shlosman I., 2009, ApJ, 697, 293
Elmegreen D. Elmegreen B. G. 1980, AJ, 85, 10
Elmegreen D. M., Elmegreen B. G., Bellin A. D., 1990,
ApJ, 364, 415
Elmegreen D. M., Elmegreen B. G. Hirst A. C., 2004, ApJ,
604, L21
Erwin P., 2005, MNRAS, 364, 283
Espada D., Verdes-Montenegro L., Huchtmeier W. K., Su-
lentic J., Verley S., Leon S., Sabater J. 2011, A&A, 532,
A117
Friedli D., Benz W. 1995, A&A, 301, 649
Gao L., White S. D. M. 2007, MNRAS, 377, L5
Geha M., Blanton M. R., Masjedi M., West A. A. 2006,
ApJ, 653, 240
Gerin M., Combes F., Athanassoula E. 1990, A&A, 230, 37
Governato F., Brook C., Mayer L., et al. 2010, Nature, 463,
203
Guedes J., Callegari S., Madau P., Mayer L. 2011, ApJ,
c© 2013 RAS, MNRAS 000, 1–13
12 C. Yozin and K. Bekki
742, 76
Harris J., Zaritsky D. 2009, AJ, 138, 1243
Hartmann L., Ballesteros-Paredes J., Bergin E. A. 2001,
ApJ, 562, 852
Haschke R., Grebel E. K. Duffau S. 2012, AJ, 144, 106
Holley-Bockelmann K., Weinberg M., Katz N. 2005, MN-
RAS, 363, 991
Hopkins P. F., Hernquist L., Cox T. J., et al. 2008, ApJ,
688, 757
Hopkins P. F., Cox T. J., Younger J. D., Hernquist L. 2009,
ApJ, 691, 1168
Hoyle B., et al. 2011, MNRAS, 415, 3627
Ideta M. 2002, ApJ, 568, 190
Jog C. J. 1997, ApJ, 488, 642
Jog C. J. 1999, ApJ, 522, 661
Jog C. J., Combes F., 2009, Physics Reports, 471, 75
Junqueira S., Combes F., 1996, A&A, 312, 703
Kaczmarek J. Wilcots E. M. 2012, AJ, 144, 67
Kallivayalil N., Van Der Marel R. P., Alcock C., et al. 2006,
ApJ, 638, 772
Kim S., Staveley-Smith L., Dopita M. A., et al. 1998, ApJ,
503, 674
Knapen J. H., Beckman J. E., Shlosman I., Peletier R. F.,
Heller C. H., de Jong R. S. 1995, ApJ, 443, L73
Korpi M. J., Brandenburg A., Shukurov A. Tuominen I.
1998, in Franco J., Carraminana, A., eds, Interstellar
Turbulence. Proc. 2nd Guillermo Haro Conference, Cam-
bridge University Press, p. 16
Kraljic K., Bournaud F., Martig M. 2012, ApJ, 757, 1
Krumholz M. R., Tan J. C. 2007, ApJ, 654, 304
Kunkel W. E., Irwin M. J., Demers S. 1997, A&AS, 122,
463
Levine S. E., Sparke L. S., 1998, ApJ, 496, L13
Lorenzo M. F., Sulentic J., Verdes-Montenegro L., Ruiz J.
E., Sabater J., Sanchez S. 2013, MNRAS, 434, 325
Luks Th. Rohlfs K. 1992, A&A, 263, 41
Mapelli M., Moore B., Bland-Hawthorn J. 2008, MNRAS,
388, 697
Martig M. Bournaud F. 2008, MNRAS, 385, 1
Martinez-Delgado D., Romanowsky A. J., Gabany R. J., et
al. 2012, ApJL, 748, L24
Martinez-Valpuesta I., Shlosman I., 2004, ApJL, 613, L29
Mastropietro C., Moore B., Mayer L., Wadsley J., Stadel
J. 2005, 363, 509
Matthews L. D., van Driel W., Gallagher III J. S. 1998,
AJ, 116, 1169
McGaugh S. S., de Blok W. J. G., 1997, ApJ, 481, 689
Mihos J. C., Hernquist L., 1994, ApJ, 425, L13
Moore B., Ghigna S., Governato F., Lake G., Quinn T.,
Stadel J., Tozzi P., 1999, ApJ, 524, L19
Moster B. P., Somerville R. S., Maulbetsch C., et al. 2010,
ApJ, 710, 903
Murray N. 2010, ApJ, 729, 133
Navarro J. F., White S. D. M. 1993, MNRAS, 265, 271
Noguchi N. 1996, ApJ, 469, 605
Noordermeer E., Sparke L. S., Levine S. E. 2001, MNRAS,
328, 1064
Odewahn S. C. 1994, AJ, 107, 1320
Odewahn S. C., Cohen S. H., Windhorst R. A., Philip, N.
S. 2002, ApJ, 568, 539
O‘Neill J. K. Dubinski J. 2003, MNRAS, 346, 251
Phookum B., Mundy L. G., Teuben P., Wainscoat R. J.,
1992, ApJ, 400, 516
Pilu M., Fitzgibbon A., Fisher R. 1996, Direct least-square
fitting of Ellipsess, International Conference on Pattern
Recognition, Vienna, 1996
Pisano D. J., Wilcots E. M., Elmegreen B. G. 2000, AJ,
120, 763
Quinn P. J., Hernquist L., Fullagar D. P., 1993, ApJ,403,
74
Rautiainen P., Salo H., Laurikainen E. 2005, ApJ, 631,
L129
Richter O. Sancisi R. 1994, A&A, 290, 9
Rix H.-W., Zaritsky D. 1995, ApJ, 447, 82
Roberts M. S., Haynes M. P. 1994, ARA&A, 32, 115
Rosen A., Bergman J. N., Norman, M. L. 1993, ApJ, 413,
137
Rudnick G., Rix H.-W. 1998, AJ, 116, 1163
Rudnick G., Rix H.-W., Kennicutt Jr. R. C. 2000, ApJ,
538, 569
Saha K., Jog C. J., 2006, MNRAS, 367, 1297
Saha K., Combes F., Jog C. J., 2007, MNRAS, 382, 419
Salucci P. Burkert A. 2000, ApJ, 537, L9
Schroyen J., De Rijcke S., Koleva M., Cloet-Osselaer A.,
Vandenbroucke B. 2013, preprint (arxiv:1306:4910)
Smecker-Hane T. A., Cole A. A., Gallagher III J. S., Stet-
son P. B., 2002, ApJ, 566, 239
Staveley-Smith L., Kim S., Calabretta M. R., et al. 2003,
MNRAS, 339, 87
Subramaniam S., 2003, ApJ, 598, L19
Taga M. Iye M. 1998, MNRAS, 299, 111
Theis C. 1997, in Burkert A., Hartmann D. H., Majewski
S. A., eds, ASP Conf. Ser. 112, The History of the Milky
Way and Its Satelite System, San Francisco: ASP, 35
Tollerud E. J., Boylan-Kolchin M., Barton et al. 2011, ApJ,
738, 102
Valenzuela O., Klypin A. 2003, MNRAS, 345, 406
van den Bergh S. 2002, PASP, 114, 797
van den Bergh S. 2006, AJ, 132, 1571
van der Marel R. P. 2001, AJ, 122, 1827
van der Marel R. P. 2002, ApJ, 124, 2639
van der Marel R. P., et al. 2002, AJ, 124, 2639
van der Marel R. P., Kallivayalil N. 2013, preprint
(arXiv:1305.4641)
van Eymeren J., J?tte E., Jog C. J., Stein Y., Dettmar
R.-J., 2011, A&A, 530, A30
Verley S. et al., 2007, A&A, 470, 505
Vesperini E. Weinberg M. D. 2000, ApJ, 534, 598
Walker I. R., Mihos C. J., Hernquist L., 1996, ApJ, 460,
121
Weinberg M. D. 1995, ApJ, 455, L31
Weinberg M. D. 1998, MNRAS, 299, 499
Weinberg M. D. 2000, ApJ, 532, 922
Westerlund B. E. 1997, The Magellanic Clouds (Cam-
bridge: Cambridge Univ. Press)
Wilcots E. M., Lehman C., Miller B. 1996, AJ, 111, 1575
Wilcots E. M. Prescott M. K. M. 2004, AJ, 127, 1900
Zaritsky D. 2004, ApJ, 614, L37
Zaritsky D., Rix H. W. 1997, ApJ, 477, 118
Zhao H. S., Evans N. W. 2000, ApJ, 545, L35
c© 2013 RAS, MNRAS 000, 1–13
13
This paper has been typeset from a TEX/ LATEX file prepared
by the author.
c© 2013 RAS, MNRAS 000, 1–13
